ABSTRACT
INTRODUCTION
We describe a method for removing a portion of a primer based on incorporation of a modified nucleotide (deoxyuridine) in a specific position in the primer. Then, using uracil DNA glycosylase (UDG) along with either T4 endonuclease V or human apurinic/apyrimidinic endonuclease 1 (HAP1), 3 ′ -compatible overhangs can be formed. A general scheme is illustrated in Figure 1 .
UDG specifically acts upon uracil sites found in either single-or doublestranded DNA and enzymatically cleaves the base-sugar bond to leave behind an apurinic/apyrimidinic (AP) site (9) . By the incorporation of a single uracil site in a polymerase chain reaction (PCR) oligonucleotide primer and subsequent formation of an AP site with UDG, it is possible to create a specific site for subsequent cleavage of the phosphodiester backbone by an AP endonuclease.
In our initial test system, we used HAP1, a Class I AP endonuclease active in cleaving AP sites in both singleand double-stranded DNA (2, 16) . HAP1 cleaves on the 5 ′ side of the AP site and leaves a 5 ′ -terminal deoxyribose phosphate (dRp) residue that must first be removed to form a normal substrate of DNA ligase. The removal of the 5 ′ dRp group is facilitated primarily through βelimination (4), which is accelerated by spermine (1), polyamines (1, 12) or the E. coli proteins Fpg and RecJ (3, 5, 12) .
T4 endonuclease V, a Class II AP endonuclease, catalyzes both the excision of pyrimidine dimers in DNA and cleavage of the resulting AP site (11) . The AP endonuclease activity of the enzyme works independently of the pyrimidine dimer glycosylase (11) . T4 endonuclease V action at a UDG-created AP site leaves a 5 ′ phosphate suitable for ligation.
We have used these DNA repair enzymes in combination with modified PCR primers to produce a method for partial primer removal. This has allowed the ordered joining of PCR fragments to make functional DNA assemblies.
MATERIALS AND METHODS

PCR Product Generation
All PCRs were performed using GeneAmp ® core reagents (Perkin-Elmer, Norwalk, CT, USA) in 50-µ L reaction mixtures with 2.5 U TaqDNA polymerase and 2.5 mM MgCl 2 in a RoboCycler ® Temperature Cycler (Stratagene, La Jolla, CA, USA). PCR primer sequences are shown in Table 1 . Amplifications from pACYC184 (New England Biolabs, Beverly, MA, USA) contained 50 ng of plasmid and 40 pmol of each PCR primer CAT3 and CAT5 or SacCAT3 and SacCAT5 (at 95°C for 1 min, 55°C for 1 min, 72°C for 1 min for 30 cycles followed by 1 cycle at 72°C for 3 min). Genomic amplifications from E. coli strain W3110 contained 100 ng genomic DNA, 40 pmol of either LacST#1 and LacST#2, LacMD#1 and LacMD#2, LacEN#1 and LacEN#2 or LacST#1 and Lac -EN#2 and were carried out at 95°C for 45 s, 55°C for 45 s, 72°C for 45 s for 30 cycles, then a final extension at 72°C for 3 min.
Cloning of the Chloramphenicol Acetyltransferase Gene Using HAP1 Treatment
PCR products were generated and purified from pACYC184 using primers CAT3 and CAT5 encoding the entire chloramphenicol acetyltransferase ( cat ) gene. Following PCR, 1 µ L (1 U) of UDG (Life Technologies, Gaithersburg, MD, USA) and 8 µ L of HAP1 (13 mg/mL) were added, and the PCR products incubated for 30 min at 37°C and 15 min at 65°C, followed by the addition of spermine (0.2 mM final) with 15-min incubations at 37°C and 70°C. The enzymatically treated PCR samples were purified with QIAquick ® PCR Purification Kit (Qiagen, Chatsworth, CA, USA). Ligations were performed with 200 ng of the treated PCR product and 100 ng of Sac I-cleaved, dephosphorylated pUC19 (Stratagene) overnight at 16°C. Library-efficiency competent E. coli DH5 α™cells (Life Technologies) were transformed according to the manufacturer's protocol and plated on LB plates containing ampicillin (Ap) and 5-bromo-4-chloro-3-indolyl-β -D -galactopyranoside (Xgal) or ampicillin and chloramphenicol (Cm) and incubated overnight at 37°C. Plasmid DNAs from at least 50 individual colonies from each type of plate were isolated using alkaline lysis (14) , digested with Sac I and characterized by electrophoresis using 0.7% agarose gels. In addition, colonies from the Ap/X-gal plates were transferred to Ap/Cm plates.
Alternatively, following UDG treatment, the PCR samples were purified with the QIAquick PCR Purification Kit and then treated with HAP1 in HAP1 buffer (20 mM Tris-HCl, pH 8.0, 10 mM NaCl, 1 mM EDTA, 5 mM MgCl 2 and 10 µ g heat-inactivated bovine serum albumin [BSA] ) and incubated overnight at room temperature to allow for the spontaneous β elimination of the 5 ′ dRp group.
Cloning of the cat Gene Using T4 Endonuclease V Treatment
Immediately following amplification, the CAT PCR product was treated with 1 µ L of UDG, 0.5 µ L (10 U) of T4 endonuclease V (Epicentre Technologies, Madison, WI, USA) and incubated at 37°C for 30 min, then at 70°C for 15 min. The PCR mixture was cleaned with the QIAquick PCR Purification Kit. In 20 µ L, ligations using 1:1, 1:5 and 1:10 molar ratios of Sac I-cleaved, dephosphorylated pUC19 (100 ng) to treated PCR product were incubated overnight at 16°C. Library-efficiency competent E. coliDH5 αcells were transformed following the manufacturer's protocol and plated on Ap/X-gal or with Ap/Cm plates and incubated overnight at 37°C. Plasmid products from at least 50 individual colonies were isolated and checked as described earlier.
Cloning of the cat Gene Using Primers Containing the Sac I Recognition Sequence
Primers SacCAT3 and SacCAT5 were designed according to the protocol of Moreira and Noren (10), adding 5 nucleotides to the end from the Sac I recognition sequence. The cat gene PCR products were purified as before and digested with Sac I for 16 h at 37°C. Following digestion and enzyme inactivation, the digested PCR fragments 
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were ligated using 1:1, 1:5 and 1:10 molar ratios with the same preparation of pUC19 used above. Library-efficiency competent E. coli DH5 αcells were transformed and plated on Ap/X-gal or Ap/Cm plates. Plasmid DNAs from at least 50 colonies were isolated and checked as described.
Cloning of lac Operon Fragment
Using genomic DNA from E. coli W3110 as template, three PCR products were generated using primers LacST#1 and #2, LacMD#1 and #2, LacEN#1 and #2 and LacST#1 and LacEN#2. Each PCR product was incubated with UDG and T4 endonuclease V as described. The treated PCR samples were ligated into dephosphorylated Sac I-cleaved pSP72 (100 ng) (Promega, Madison, WI, USA) at a 1:1 and 1:5 vector/insert molar ratio and transformed into library-efficiency competent E. coli DH5 αcells, and the cells were plated on LB plates containing ampicillin and X-gal to test for the presence of functional β -galactosidase. Plasmid DNAs from 50 white and blue colonies were isolated and digested with either Sac I, Hin dIII or Cla I and separated by electrophoresis on 0.7% agarose gels. The Hin dIII digest shows total plasmid size, and the Cla I digest determines insert orientation and integrity of the lac operon.
RESULTS AND DISCUSSION
Using the described methods, we were able to generate consistent recombinant products. Of the two endonucleases presented here, T4 endonuclease V treatment produced a higher number of chloramphenicol-resistant colonies in comparison with HAP1 (Table 2 ). T4 endonuclease V has a definite advantage over HAP1. HAP1 can effectively cleave AP sites, but the need to remove the 5 ′ dRp group limits its convenience. Removal of the 5 ′ dRp group was examined using other amines (data not shown), but they were less effective than spermine and overnight spontaneous βelimination. Using restriction sites in the PCR primer was moderately more effective than the HAP1 treatment method, but also required the most time. The reported 1:5 vector/insert molar ratio generated the most transformants in each case. All of the chloramphenicol-resistant colonies were found to have the correct insert size with 98% or more of the white colonies on Ap/X-gal plates conferring chloramphenicol resistance. To further test the usefulness of this method, three PCR products were engineered to possess compatible ends so that when ligated together, they would allow lacZto be correctly assembled and cloned into a Sac I site. Combining the three segments of the lac operon using T4 endonuclease V protocol proved to be highly effective (Table 2) . At a 1:1 molar ratio of insert to vector, combining the 3 fragments was just as effective as joining the single 3279-bp lacZfragment. At a 1:5 molar ratio, the number of transformants for both methods decreased substantially. Following the HAP1 protocol for cloning the cat gene, using HAP1 we were able to generate the proper assembly of lacfragments but at a substantially lower efficiency. Again, all blue colonies were found to contain inserts of the expected sizes.
The CloneAmp ® pUC System (Life Technologies) also uses the incorporation of deoxyuridine into oligonucleotide primers and subsequent treatment with UDG (13). High yields have been achieved using this technique, but the 3 ′overhangs need to be large enough (greater than 12 bp) for efficient annealing, and the product can only be cloned into a few specialized vectors. In our demonstration using UDG along with either HAP1 or T4 endonuclease V, the PCR product can be cloned into any Sac I-compatible site, the length of the 3 ′ tail can be tailored, and the primer need only have one modified nucleotide.
Other methods exist that yield complementary 5 ′ ends. One such method of ligation-independent cloning uses a non-base residue, 1,3-propanediol in defined positions to create the complementary 5 ′ ends. While allowing for directional cloning without a ligation step, overall efficiency of this method was reported to be low compared to other ligation-independent cloning methods (7). It is also possible to use enzymes with 3 ′ -5 ′ exonuclease activity to digest a single strand of the PCR product; reported efficiencies for this technique are around 2 ×10 3 transformants/ µ g vector (6, 8, 15) .
The procedure detailed here benefits from the use of commercially available modifying enzymes and compatibility with common PCR buffer conditions while consistently yielding recombinant products. Generating compatible 3 ′ overhangs by this method offers a wide range of cloning possibilities. Combining the three PCR fragments of the lacoperon into a single functional gene illustrates how coding regions of a large gene can be combined. If directional cloning is desired, the vector can be subjected to PCR using customizing primers, allowing the desired insert to be cloned into virtually any position in the plasmid. More simply, a gene containing an internal Sac I site could be cloned into a Sac I-cleaved plasmid.
Further elaborations of this procedure could make use of other modified bases in the primers. After treating them in a similar manner to their appropriate glycosylase, such extension of this technique would provide variability in which segment and sequence of the primer can be removed. The ability to specifically remove the primer from the PCR product may also be useful in certain other procedures.
INTRODUCTION
Wild-type green fluorescent protein (GFP) emits green light ( λ508 nm) when excited with long UV light ( λ 395 nm) (6, 11, 16) . The fluorescence results from its intrinsic chromophore structure (5,18) and does not require any substrate or cofactor. Recombinant GFP has the same spectral characteristics as the wild-type jellyfish protein, producing stable, species-independent fluorescence that can be monitored noninvasively (4) . Several spectral mutants have recently been generated (6, (11) (12) (13) . When used in fusion constructs with a protein of interest, these GFP mutants show promise as effective tools for in vivo and in vitro functional analyses of the molecular interactions of the protein of interest. To be maximally useful, the fusion partners must behave as independent functional domains; i.e., the GFP portion should remain responsible for efficient fluorescent signal generation with little or no influence on the properties of the fused protein of interest. Here we report the construction and application of a fusion between the S65T GFP mutant and calmodulin-like protein (CLP) and demonstrate the usefulness of such a GFP-fusion protein in the rapid search for interacting protein targets by gel overlay. Compared to other methods currently in use for detecting proteinprotein inteactions on overlays (e.g., using radiolabeled or biotinylated probes), the present method has the advantage of being nonradioactive as well as direct (i.e., no additional steps are necessary to detect bound probe). It allows the rapid detection of potential interacting proteins and thus ideally complements more labor-intensive methods for the isolation of specific target proteins such as the yeast twohybrid system (9) and (co-)immunoprecipitations.
MATERIALS AND METHODS
Construction of Fusion Protein Vector
Wild-type GFP cDNA (clone Tu65) was obtained from Dr. M. Chalfie's laboratory (Columbia University, New
